Previous studies have indicated that the variations in torque induced in particles in Electrorotation electrode arrays are sufficiently large to cause errors in electrorotation measurements. In order to avoid this, experimenters usually study particles bound by an arbitrary region near the centre of the electrodes. By simulating the time-dependent electric field for polynomial electrodes, we have assessed the variation in torque across the centre of the array. By considering both the variation in applied torque and the dielectrophoretic force in the electrode chamber, the optimal conditions for electrorotation experiments have been determined. Further to this, by comparing the torque variation across the electrode chamber for a number of common electrode designs, a comparison of the suitability of each electrode design for multi-particle Electrorotation analysis has been made.
Introduction
Electrorotation (ROT) is a technique whereby particles suspended in rotating electric fields are caused to rotate (e.g. Arnold and Zimmermann 1982; Zhou et al 1995; Hölzel and Lamprecht 1992) . The rate and direction of rotation are not synchronous with the rotating field, which may revolve at frequencies in excess of 1GHz (Hölzel 1997);  rather, a torque is induced by the interaction between the rotating field and the dipole induced within the body. Since the properties of the induced dipole are frequencydependent (Huang et al 1992) , a measurement of ROT angular velocity as a function of applied frequency can be used to generate a "fingerprint" of the dielectric properties of the body. Such techniques have, for example, been used to monitor the infection cycle of Herpes Simplex in cells (Archer et al 1997) , to identify the presence of bacteria adhered to the surface of rotating beads (Burt et al 1995) , or determine the electrical properties of the various compartments of yeast cells (Huang and Pethig 1991) . dielectrophoretic forces which induce particle drift are also considered. This allows the researcher to determine which particles to observe in order to obtain a meaningful result.
Since the size and shape of this region will vary according to the geometry of the electrodes used, analyses of ten popular electrode designs are compared. By considering both the torque variation within this region (and hence the efficiency of the measurement technique) and the magnitude of torque generated, it is possible to make qualitative comparisons of the effectiveness of electrode efficiency.
Simulation Model
The simulation model was developed using Moments methods (Birtles et al 1973) , which has been used in investigations of fields and forces generated by castellated electrodes (Wang et al 1993) and travelling-wave electrode arrays (Hughes et al 1996) . This numerical system has been shown to determine electric field distributions to a high degree of accuracy when compared to both the precise analytical solution (Wang et al 1996) and other field solvers (Hughes et al 1995) For the purposes of this work, the spacing between opposing electrode tips was fixed at 400m. This is a typical size for electrodes used in the study of cells, remained constant between the various electrode geometries presented here. As many cells (e.g. Previous work (Hughes et al 1994) has shown that the electric field E  acting in the region between the electrodes is of the form:
where x a  and y a  are the unit vectors in the x-and y-directions. The dynamic rotating electric field was simulated by dividing the rotation cycle into 36 10 o "frames" and determining the static electric field distribution in these instances. A sinusoidal signal of peak amplitude 10 x sin(10x fnumber) Volts, where fnumber is the frame number in the cycle, was applied to the first electrode. The potential on each successive electrode was phase-shifted by a further multiple of 90 to produce quadrature as shown in figure 1.
Calculations were performed using FORTRAN 77 on a VAX computer, and the results were processed using MATLAB (The Math Works) to determine the spatial variation of the magnitude (E x , E y , E z ) and phase ( x ,  y ,  z ) of the rotating field. Previous work (Hughes et al 1994) has shown that the time-averaged torque  in the inter-electrode chamber is given by equation 2.
It is possible to derive from equations (1) and (2) a factor which describes the uniformity of the rotational torque exerted on the particle as a function of its location.
We define this field factor E eff 2 as follows:
The variation of E eff 2 across the electrode chamber indicates that the induced torque is not generally proportional to the square of the field strength. Studies (Hughes et al 1994) have shown that E eff 2 varies across the electrode chamber more widely than had previously been predicted, a fact which has considerable bearing on electrorotation spectra taken for particles at different points within the chamber. An example of the variation of E eff
Results and Discussion
The common practice when performing rotation experiments is to place a number of particles in the electrode chamber and observe their motion using a microscope and video camera. The rotation rate of the particles is determined by measuring the time taken to perform one revolution. For statistical purposes it is advantageous to perform analysis on a number of cells simultaneously, and experiments are often videotaped to allow measurements to be taken in "parallel" later. Since the particles occupy many positions across the chamber, and the magnitude of induced torque varies across the electrode chamber, it would be wise to introduce some method of compensation in order for particle rotation rates to be comparable.
It has been suggested (Hughes et al 1994) that a correction factor based on the normalised E eff 2 distribution may be superimposed across an electrode chamber in experimentation for use in automated electrorotation (De Gasperis et al (1998) , Zhou et al (1998) ). Such a system could incorporate a location-variable correction coefficient into the automated rotation rate measurement software, which could adjust the recorded rotation rate according to particle location within the chamber. However, for direct observation using a microscope and stopwatch, such a system is obviously impractical.
In place of the rotation correction system, a more viable alternative is to employ masking, whereby only a section of the rotation chamber in which the torque is known to be relatively constant is studied, whilst the remainder of the electrode chamber is "masked off" and not studied. As a consequence the measured rotation rates are directly comparable. This method requires considerably less effort than would be needed to implement position-determined adjustment factors.
Finally, since ROT requires the use of large electric field strengths, it is a necessary but unwelcome side-effect that, near the electrode edges, translational motion induced by dielectrophoresis (DEP) is observed. This serves to move cells within the chamber (typically towards, or away from, the electrode edges) which in turn causes the rotation rate to change or to cause the cell to stick to the electrode edge, thereby becoming unusable for ROT measurements. Therefore we must consider the effects of DEP force when considering the optimum conditions for ROT.
Polynomial Electrodes
There are two principal means by which AC electrokinetic effects introduce errors in the determination of electrorotation rate; the variation in torque across the electrode chamber, and the translational (Dielectrophoretic) force causing studied particles to drift across the chamber during the experiment. These factors may be simulated, and figure   3 shows them for a polynomial-type electrode structure.
As can be seen from figure 3(a), the variation in E eff 2 is small at the centre of the chamber, but increases markedly towards the electrode tips. Within the region most often used by those involved in electrorotation experiments, variation in E eff 2 increases to above 20% of that at the centre outwith a region approximately defined by a box with edges halfway between the centre and electrode tips. Variation in excess of 50% is seen at the electrode edges (at the centre of the edges in Figure 3 It would therefore be reasonable to say that for geometries of planar polynomial design, it is preferable to restrict experiments only to those particles within a square with edges half-way between the chamber centre and the electrode tips. Within that box, This correlates well with experimental work (Hughes, Archer and Morgan, in preparation) where, within this box, the rotation rate of elliptical beads was found to vary by 15-20% of the centre value at the edges of the box.
Effect of electrode geometry
Using the methods of analysis described above, it is possible to compare different electrode designs in a quantitative manner by considering both the magnitude of torque produced, and the degree of variation in that torque across the boxed region described above. Previous studies of this nature (Gimsa 1988; Hölzel 1993) have only compared the RMS electric field distribution without accounting for phase variation; the studies presented here also consider phase effects in determining torque distribution.
The ideal electrode geometry for ROT measurements would induce a uniform torque across a large area of the electrode chamber. Induced torque should be as large as possible, so that the rate of particle rotation is not overly influenced by factors such as Brownian motion and fluid flow. By combining these two basic criteria, a quality factor Q for the evaluation and comparison of different geometries may be defined as
where  C is the torque at the centre of the electrode chamber, and A is the percentage of continuous area of the electrode chamber where the torque does not vary from  C by more than an arbitrary amount. In most cases the outer limits of our region of interest, defined by the boxed region described previously, delineate the area of approximately 20% torque variation (i.e. =1.2*c); we can quantify the rate of variation of torque within this region by determining the size of the region enclosed by the 5% (1.05*c) and 10% (1.1*c) boundaries.
The ten different electrode geometries studied are as shown in figure 4 . Many of these geometries have been employed in practical experiments by other researchers (e.g. 1982; Burt et al 1995 ; Huang and Pethig 1991; Hölzel 1993; Gimsa et al 1988; Fuhr et al 1984) , whilst others are arbitrary shapes which were included for comparison with existing designs. The designs used were as follows:
Arnold and Zimmerman
polynomial, bone (a polynomial with a concave tip), pointed and truncated pyramidal, square (wide electrodes stretching the length of the chamber), pin, and a range of elliptical patterns with axes in the range 2:3 (oblate), 1:1 (circular), 3:2 (prolate) and 2:1 (also prolate).
The results of these simulations are presented in table 1 , where values of Q are calculated for values of torque within 5% and 10% variation from  C . Notably, all the electrode geometries save the pin geometry have a region of highly similar size and shape within which the torque remains within 5% of  C . However, where a 10% boundary is considered there is a variation between different geometries of nearly x2
between the best and worst cases. There is also a wide variation in values of noted that the square geometry, whilst not quite achieving the general performance of the polynomial and bone geometries at 10% variation, has far superior performance at the 5% margin. This design is amongst the easiest to fabricate of the geometries described as it does not feature complex curved edges. Therefore we include this design amongst those recommended for general electrorotation measurements. In contrast to these the pin geometry (Arnold and Zimmermann 1982), often employed in experimentation due to its ease of construction, has a particularly poor value of Q owing to its small, non-uniform electric field. This would imply that it is less suitable for ROT experimentation than the other geometries discussed here.
Conclusion
As the technique of Electrorotation begins to make the transition from the laboratory towards general practical use, it becomes increasingly important to find methods of improving the accuracy of experimental data whilst minimising the complexity of the measurement system. To this end we have presented an examination of the distribution of torque across the electrode chamber. In this manner, we have shown that the optimal region for performing ROT experiments is defined by the square covering the inner 25% of the electrode chamber, within which the torque varies by approximately 20%.
Furthermore, by comparing both the magnitude and variation of the torque generated in this region, the most appropriate electrode design for a given application may be found.
This study indicates that electrodes with wide, inward-facing planes give the highest torque, those of a triangular design give the largest areas of uniform torque, and that polynomial or saddle-shaped electrodes offer the most practical compromise between these two factors.
Figure Legends
1 Schematic of a polynomial electrode array, as used for Electrorotation (ROT).
Particles are suspended within a rotating electric field generated by four electrodes in quadrature. The square region denotes the area analysed in this study. 
